The South Atlantic Ocean is currently undergoing significant alterations due to climate change. This region is important to the global carbon cycle, but marine carbon data are scarce in this basin. Additionally, this region is influenced by Agulhas eddies. However, their effects on ocean biogeochemistry are not yet fully understood. Thus, we aimed to model the carbonate parameters in this region and investigate the anthropogenic carbon (C ant ) content in 13 eddies shed by the Agulhas retroflection. We used in situ data from the CLIVAR/WOCE/A10 section to elaborate total dissolved inorganic carbon (C T ) and total alkalinity (A T ) models and reconstruct those parameters using in situ data from two other Brazilian initiatives. Furthermore, we applied the Tracer combining Oxygen, inorganic Carbon, and total Alkalinity (TrOCA) method to calculate the C ant , focusing on the 13 identified Agulhas eddies. The C T and A T models presented root mean square errors less than 1.66 and 2.19 µmol kg −1 , indicating Global Ocean Acidification Observing Network climate precision. The C ant content in the Agulhas eddies was 23% higher than that at the same depths of the surrounding waters. We observed that Agulhas eddies can play a role in the faster acidification of the South Atlantic Central Water.
Introduction
Different oceans respond to climate changes in varying ways, but the South Atlantic Ocean is currently facing significant alterations, such as increasing seawater temperature, salinity, and heat content [1] . These local or regional climate changes lead to perturbations and alter the hydrological cycle, surface ocean currents, coastal hydrodynamics, and marine carbonate system, which drive (FORSA_XBT) . The conductivity-temperature-depth (CTD) stations are indicated by yellow dots (FORSA_2015), green dots (Trans-Atlantic II (TAII)_2011_02), purple dots (TAII_2011_01), blue diamonds (A10_2011), and red squares (A10_2003). The gray circles indicate the approximate positions at which the eddies were sampled: V1, V3, and V5 (FORSA_2015); VT62 (TAII_2011_01); VT85, VT87, and VT93 (TAII_2011_02); VA42, VA63, and VA91 (A10_2011); and VA04, VA55, and VA71 (A10_2003). The black lines represent the main currents of the surface circulation, which are the Benguela Current System (BCS, dotted line), southern branch of the South Equatorial Current (sSEC, dot-dashed line), Brazil Current (BC, dashed line) and South Atlantic Current (SAC, dot-dot dashed line). The Agulhas Current (AC, continuous line) and Agulhas Current retroflection zone (black dotted ellipse) are also indicated. The bottom bathymetry is represented by color shadings.
The CLIVAR/WOCE Repeat Hydrography Section A10 occurred along 30 °S (Figure 1 ). In 2003 (A10_2003), the cruise was conducted under the responsibility of JAMSTEC through the project Blue Earth Global Expedition 2003. The A10_2003 was conducted on board the RV Mirai from November 6th to December 5th (from Santos, Brazil to Cape Town, South Africa) [40] . In 2011 (A10_2011), the cruise was funded by NOAA-OGP and NSF-OCE through the U.S. CLIVAR/CO2/hydrography/tracer program. The A10_2011 cruise was conducted on board the RV Ronald H. Brown from September 26th to October 31th (from Cape Town, South Africa to Rio de Janeiro, Brazil) [41] . Along the A10 cruises, 110 stations were sampled in 2003 and 120 in 2011. Physical data and discrete seawater samples were collected for chemical analysis. Using a combined Sea-Bird CTD/Carrousel 911+system ® equipped with 35 twelve liter and 24 ten/eleven liter Niskin bottles, in the A10_2003 and A10_2011 cruises, the following properties were determined: salinity, DO, dissolved inorganic nutrients, and carbonate system (total dissolved inorganic carbon-CT; total alkalinity-AT; pH). The A10 datasets analyzed during the current study are available from the NODC/NOAA data center (https://www.nodc.noaa.gov/ocads/oceans/RepeatSections/clivar_a10.html). (FORSA_XBT) . The conductivity-temperature-depth (CTD) stations are indicated by yellow dots (FORSA_2015), green dots (Trans-Atlantic II (TAII)_2011_02), purple dots (TAII_2011_01), blue diamonds (A10_2011), and red squares (A10_2003). The gray circles indicate the approximate positions at which the eddies were sampled: V1, V3, and V5 (FORSA_2015); VT62 (TAII_2011_01); VT85, VT87, and VT93 (TAII_2011_02); VA42, VA63, and VA91 (A10_2011); and VA04, VA55, and VA71 (A10_2003). The black lines represent the main currents of the surface circulation, which are the Benguela Current System (BCS, dotted line), southern branch of the South Equatorial Current (sSEC, dot-dashed line), Brazil Current (BC, dashed line) and South Atlantic Current (SAC, dot-dot dashed line). The Agulhas Current (AC, continuous line) and Agulhas Current retroflection zone (black dotted ellipse) are also indicated. The bottom bathymetry is represented by color shadings.
The CLIVAR/WOCE Repeat Hydrography Section A10 occurred along 30 • S (Figure 1 ). In 2003 (A10_2003), the cruise was conducted under the responsibility of JAMSTEC through the project Blue Earth Global Expedition 2003. The A10_2003 was conducted on board the RV Mirai from November 6th to December 5th (from Santos, Brazil to Cape Town, South Africa) [40] . In 2011 (A10_2011), the cruise was funded by NOAA-OGP and NSF-OCE through the U.S. CLIVAR/CO2/hydrography/tracer program. The A10_2011 cruise was conducted on board the RV Ronald H. Brown from September 26th to October 31th (from Cape Town, South Africa to Rio de Janeiro, Brazil) [41] . Along the A10 cruises, 110 stations were sampled in 2003 and 120 in 2011. Physical data and discrete seawater samples were collected for chemical analysis. Using a combined Sea-Bird CTD/Carrousel 911+system ® equipped with 35 twelve liter and 24 ten/eleven liter Niskin bottles, in the A10_2003 and A10_2011 cruises, the following properties were determined: salinity, DO, dissolved inorganic nutrients, and carbonate system (total dissolved inorganic carbon-C T ; total alkalinity-A T ; pH). The A10 datasets analyzed during the current study are available from the NODC/NOAA data center (https: //www.nodc.noaa.gov/ocads/oceans/RepeatSections/clivar_a10.html).
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Identification of the Agulhas Eddies
During the FORSA cruise, eddy identification was conducted by analyzing the daily Sea Level Anomaly (SLA) data in conjunction with the temperature profiles obtained by high-resolution spatially distributed XBT deployments. Once the eddies were found, water sampling was performed inside and outside of them (see Carvalho et al. [39] for details). The FORSA cruise was the only one previously planned to sample the Agulhas eddies, and, therefore, we needed to identify the eddies sampled in all of the other cruises, as well as their positions. Therefore, we used the mesoscale eddy AVISO product (downloaded from https://www.aviso.altimetry.fr/en/data/products/value-addedproducts/global-mesoscale-eddy-trajectory-product.html, last data from January 6th, 2017) [42, 43] . Eddy identification in the TAII and A10 cruises was performed by looking for the CTD station positions in the SLA field of the day, in which the station was performed. In cases of an anticyclonic eddy (positive SLA) matching the station position, the back trajectory was investigated to determine whether it could be considered an Agulhas eddy or not. In positive cases, the life history of the eddy was used to determine its mean radius (km) and lifetime (days, d), as well as the sampled day's radius and age (Table 1) , according to the AVISO product, as performed by Orselli et al. [34] . The track of each cruise and the position of the identified eddies in the South Atlantic Ocean are presented in Figure 1 . Table 1 . Radius (km) and lifetime (d) of each eddy investigated on this study in the in situ sampling day and life history. Superscript T or E indicates whether the eddy can be considered a true or evolved eddy according to the classification of Orselli et al. [34] . * indicates that the eddy lifetime accounting was completed together with the data availability in the AVISO product until analysis. # indicates that the eddy was formed during the splitting of a 925 day old Agulhas eddy. The seawater samples for C T were collected into 300 mL borosilicate glass bottles, which were fixed with 100 µL of a saturated mercuric chloride solution [44] . Analysis was performed with two C T measurement systems (systems A and B; Nippon ANS, Inc.) composed of a CO 2 extraction system and a coulometer (Model 5012, UIC Inc.), following Johnson et al. [45] . The systems were calibrated using Na 2 CO 3 solutions (nominally 500, 1000 1500, 2000, and 2500 µmol L −1 ) [46] and analysis of certified reference material (CRM, batch 60, provided by Prof. A. G. Dickson of Scripps Institution of Oceanography). The standard deviations of CRM-C T for systems A and B were 1.1 and 0.9 µmol kg −1 (n = 35; n = 28), respectively. For A T , the samples were collected into 130 mL borosilicate glass bottles. Analyses were conducted with a Metrohm autoburette and a Thermo Orion pH meter, which were automatically controlled. The system was calibrated using 5 solutions of Na 2 CO 3 in 0.7 M NaCl solutions (nominally 0, 100, 1000, 2000, and 2500 µmol kg −1 ), as well as analysis of CRM (batch 60). The standard deviation of CRM-A T for the system was 1.7 µmol kg −1 (n = 162). The cruise report supplies detailed information on these systems and analysis processes [40] .
Cruise

A10_2011 Cruise
The seawater samples for C T were collected into precombusted 300 mL Pyrex bottles, which were fixed with 0.122 mL of a 50% saturated mercuric chloride solution. Analysis was conducted with two C T measurement systems (PMEL-1 and PMEL-2) composed of a coulometer (UIC Inc.) and a SOMMA (Single Operator Multiparameter Metabolic Analyser) inlet system, following Johnson et al. [47, 48] and Johnson [49] . The systems were calibrated using pure CO 2 (99.995%) and secondary standards, as well as the analysis of CRM (batch 98). The C T error was not included in the cruise report. For A T , the samples were collected into 500 mL borosilicate glass bottles. Analysis were performed with a Metrohm 665 Dosimat titrator and an Orion 720A pH meter. The system was calibrated using CRM (batches 96 and 112). The reported error for A T was 0.3 µmol kg −1 . The cruise report supplies detailed information on the systems and analysis processes [41] .
Polynomial Model Development for Carbonate System Parameters
To gather the carbonate system data along all of the cruise sections investigated in this work, polynomial models for C T and A T parameters were developed using the two A10 sections in which accurate biogeochemical data were available with good precision [40, 41] . We chose to use only potential temperature (θ), salinity, and apparent oxygen utilization (AOU) to develop the models, allowing us to apply the models with the greatest number of data as possible, because this approach facilitated the reconstruction of C T and A T in all stations and depths where thermohaline properties were available.
The models were developed through polynomial equations introduced in this work and have the following form (Equation (1)):
where f represents the C T or A T functions (µmol kg −1 ), x is the potential temperature (θ • C) for both C T and A T equations, y is the apparent oxygen utilization (AOU µmol kg −1 ) for the C T equation, and the salinity for the A T equation, x and y are standardized by the mean and standard deviations, and Pij are the coefficients determined in this model (presented in Table 2 ). Specifically, i and j are the indices that indicate the exponent of the parameters corresponding to x and y in Equation (1). These polynomial models were subsequently applied to the dataset of the hydrographic sections of the TAII and FORSA cruises. We tested different types of models to find the one that best represented the biogeochemical data and produced the smallest associated errors. These tests were also performed with the multilinear regression models, because they are commonly applied to carbonate system data reconstruction. In our study, we ultimately chose nonlinear regression, because the best fit to the A10 data was obtained with the polynomial models introduced in this work (Equation (1), Table 2 ). These models were developed using the curve fitting tool toolbox of MATLAB ® , with the least absolute residual mode. This option considered all data as important, minimized the residuals, and can be used when the data series have few nonconfinable values [50] . 
Anthropogenic Carbon Estimate
Considering that CO 2 can be continuously exchanged across the ocean-atmosphere interface and absorbed/produced by biological activity in the ocean photic layer (i.e., the carbon reservoirs are not in equilibrium), it is believed that the carbon permanently taken up by the ocean is below the surface mixed layer, where it can be split into natural and anthropogenic origin. Thus, the lower limit of the surface mixed layer is the upper ocean boundary, which is used to define the region in which the C ant content can be estimated [51] . Therefore, in this work, we considered quantifying the C ant below 200 m depth, excluding the surface mixed layer data e.g., [52] .
We applied the Tracer combining Oxygen, inorganic Carbon, and total Alkalinity (TrOCA) method to estimate the C ant (C ant-TrOCA ) [52] [53] [54] . In our calculations, we used the C T and A T obtained either from in situ measurements or the model results for all South Atlantic Ocean sections. In addition, we decided to fix the C ant content estimated in the 2003 cruise as a reference to calculate the C ant content difference between the cruise years (∆C ant-TrOCA 2011-2003 ). Additionally, using the C T model developed for the A10 cruises and applied in all the cruise sections, the C T content difference between years was determined (∆C T 2011-2003 ). Considering the year of the cruise, we used the 2011 coefficients to apply for the TAII-2011 cruise data to evaluate the snapshot period of this sampling moment. For the FORSA-2015 cruise, we assumed a linear change between 2003 and 2011 and we added half of this C T difference to derive the C T increase between 2011 and 2015. In this way, we evaluated the C ant content for the entire industrial period (C ant-TrOCA ) and compared the C ant and C T differences between 2011 and 2003 (2015 and 2003, for the FORSA cruise section).
Results
Physical Structure and Hydrographic Properties along the Cruise Tracks
The differences of the salinity and temperature distribution among the sections are presented in the vertical profiles and θ/S-longitude diagrams (Figures 2 and 3 ), and the thermohaline properties of the water masses are included in Table 3 . Close to the Brazilian coast, the Subtropical Shelf Water (STSW) is observed in the surface of the TAII_01, TAII_02, and A10_2011 cruise sections. TW is observed in the surface in the Western side of all sections. The South Atlantic Subtropical Surface Water (SASTSW) [38, 55] , which is fresher and colder than the TW, was observed along the TAII_01 section and in the Eastern side of the other sections. The difference in temperature between the Eastern and Western basins for both the FORSA and TAII_02 cruises was stronger than the others because of the Southeast-Northwest direction of the sections (Figures 2 and 3) . The SACW and AAIW were identified in the central and intermediate layers, respectively, in all sections. The former is marked by a wide range of temperature and salinity, and the latter has a narrow variation of these parameters, because it is also fresher and colder. We were not able to observe the uCDW in the cruise sections, although previous studies have found it [23] . The NADW, which presented saltier and colder characteristics compared to AAIW, was identified immediately below the AAIW e.g., [24] . (Table 3) . 
Polynomial Models for Carbonate System Parameters
The polynomial models introduced in this work (Equation (1), Table 2 ), have the smallest standard deviations from the in situ data and the best precision for both C T and A T data (Figures 4 and 5) . The C T models presented root mean square error (RMSE) values of 1.66 µmol kg −1 (r 2 = 0.997, n = 1081, p < 0.05) and 1.39 µmol kg −1 (r 2 = 0.997, n = 1445, p < 0.05), whereas A T presented RMSE values of 2.19 µmol kg −1 (r 2 = 0.983, n = 1081, p < 0.05) and 1.45 µmol kg −1 (r 2 = 0.984, n = 1445, p < 0.05), for 2003 and 2011, respectively (Figures 4 and 5) . The low RMSE values demonstrated that the developed models were able to correctly represent the C T and A T parameters throughout the entire water column. The errors reported are within the values determined by the Global Ocean Acidification Observing Network (GOA-ON) as climate precision (i.e., estimated within an uncertainty of approximately 2 µmol kg −1 in measurements of C T and A T ) [57] . Some differences between the measured and modeled data were found at the sea surface due to the influence of abiotic processes and gas transfer at the sea-air interface (uptake/release), as well as water masses mixing with different CO 2 sources e.g., [52, 58] . However, the data above the surface mixed layer were not used. These models were developed in the region of the South Atlantic gyre. Thus, they can be used for C T 
Anthropogenic Carbon Content
We present the Cant-TrOCA because it indicates the Cant content in the water column in all sections and eddies at their sample times ( Figure 6 ). For the A10 cruises, the Cant-TrOCA was estimated using the measured concentrations and not the modeled values because they were used to develop the biogeochemical models. In addition, the differences between ΔCant-TrOCA and ΔCT for the cruise years ( Figure 7 ) clearly indicate that the TrOCA method could reliably identify the Cant content. This dissimilarity could be due to the existing interannual variability of thermohaline properties, because the TrOCA method considers the physical structure of the water column (i.e., AT, S and θ) and not only the CT content. Moreover, the AT is not affected by Cant e.g., [59, 60] , so it can perfectly indicate the physical variation among years, because it is a parameter related to salinity [61] . This is an important point because we focus on the Agulhas eddies, which are mesoscale structures with significant hydrographical differences between their interior and surrounding waters e.g., [62] . Because we consider the Cant concentrations at a large latitudinal range (22 °S-35 °S), these values 
We present the C ant-TrOCA because it indicates the C ant content in the water column in all sections and eddies at their sample times ( Figure 6 ). For the A10 cruises, the C ant-TrOCA was estimated using the measured concentrations and not the modeled values because they were used to develop the biogeochemical models. In addition, the differences between ∆C ant-TrOCA and ∆C T for the cruise years ( Figure 7 ) clearly indicate that the TrOCA method could reliably identify the C ant content. This dissimilarity could be due to the existing interannual variability of thermohaline properties, because the TrOCA method considers the physical structure of the water column (i.e., A T , S and θ) and not only the C T content. Moreover, the A T is not affected by C ant e.g., [59, 60] , so it can perfectly indicate the physical variation among years, because it is a parameter related to salinity [61] . This is an important point because we focus on the Agulhas eddies, which are mesoscale structures with significant hydrographical differences between their interior and surrounding waters e.g., [62] . Because we consider the C ant concentrations at a large latitudinal range (22 • S-35 • S), these values reflect the large hydrographic differences in temperature and salinity fields (as observed by comparing the panels of Figures 2 and 3) . Additionally, the error propagation equations e.g., [4, 5, 53, 63] was used to determine the precision of the C ant_TrOCA method. To perform this analysis, we used the physical parameter measurement (θ, S) uncertainties together with the C T /A T estimation uncertainties, achieving values ranging from 2.82 to 3.83 µmol kg −1 for the application of 2011 and 2003 C T /A T precision, respectively. Compared with the precision of C T (1.39 and 1.66 µmol kg −1 for 2011 and 2003, respectively), these estimates allowed us to conclude that they are of the same order of magnitude and are also smaller than the previous reports from other C ant methods (e.g.,~5-6 µmol kg −1 for TrOCA [4, 5, 63 ] and 10 µmol kg −1 for ∆C* [64] ). reflect the large hydrographic differences in temperature and salinity fields (as observed by comparing the panels of Figures 2 and 3) . Additionally, the error propagation equations e.g., [4, 5, 53, 63] was used to determine the precision of the Cant_TrOCA method. To perform this analysis, we used the physical parameter measurement (θ, S) uncertainties together with the CT/AT estimation uncertainties, achieving values ranging from 2.82 to 3.83 µmol kg −1 for the application of 2011 and 2003 CT/AT precision, respectively. Compared with the precision of CT (1.39 and 1.66 µmol kg −1 for 2011 and 2003, respectively), these estimates allowed us to conclude that they are of the same order of magnitude and are also smaller than the previous reports from other Cant methods (e.g., ~5-6 µmol kg −1 for TrOCA [4, 5, 63] and ~10 µmol kg −1 for ΔC* [64] ). 
Characteristics and Physical-Chemical Structure of the Agulhas Eddies
Investigation of the Agulhas eddies was not the focus in three of four cruises studied in this work (i.e., in four of the five sections). As a consequence, certain eddies were not necessarily sampled close to their centers but only crossed at their borders (i.e., VA55, VA63, VT85, and VT87). Thus, the sections of temperature, salinity and Cant of each of these eddies do not always show a typical eddy profile. However, at least a minor signal of an eddy profile can be observed in all eddy sections, apart from the SLA used in their identification. Accordingly, a typical thermostad and/or halostad was observed in the sections of those structures. We present the Cant-TrOCA profile of each eddy and the surrounding waters in Figure 8 . Comparing the Cant content (± standard deviation) inside and outside the eddies, this value was significantly higher (23% ± 14%) inside all the structures than the value at the same depth in the surrounding waters. A general overview of this difference can be observed in the entire cruise sections ( Figure 6 ), and a more detailed view of the inside-outside Cant sections focused on each of the sampled eddies (Figures 8 and 9 ). Considering the inside-outside difference at 500 m depth, the mean Cant inside was 18% ± 12% higher than that outside and reached 29% ± 15% at 1000 m depth (Figure 9 ). 
Investigation of the Agulhas eddies was not the focus in three of four cruises studied in this work (i.e., in four of the five sections). As a consequence, certain eddies were not necessarily sampled close to their centers but only crossed at their borders (i.e., VA55, VA63, VT85, and VT87). Thus, the sections of temperature, salinity and C ant of each of these eddies do not always show a typical eddy profile. However, at least a minor signal of an eddy profile can be observed in all eddy sections, apart from the SLA used in their identification. Accordingly, a typical thermostad and/or halostad was observed in the sections of those structures. We present the C ant-TrOCA profile of each eddy and the surrounding waters in Figure 8 . Comparing the C ant content (± standard deviation) inside and outside the eddies, this value was significantly higher (23% ± 14%) inside all the structures than the value at the same depth in the surrounding waters. A general overview of this difference can be observed in the entire cruise sections (Figure 6 ), and a more detailed view of the inside-outside C ant sections focused on each of the sampled eddies (Figures 8 and 9 ). Considering the inside-outside difference at 500 m depth, the mean C ant inside was 18% ± 12% higher than that outside and reached 29% ± 15% at 1000 m depth (Figure 9 ).
The radius and age of each studied eddy, with consideration of (i) the sampled day and (ii) the life history, are included in Table 1 , which indicates that the eddies were sampled at different stages of their lives. We did not observe a relation between the Cant content according to their respective age, radius in the sampled day, or the sampled basin (Eastern/Western). However, we observed certain relatively old eddies (VA04, VA91, and VT93) near the Brazilian coast, which are, therefore, prone to merge with the Brazilian Current and impact the coastal/shelf ecosystems [65] . Figure 1 ; (b-n) inside-outside eddy anthropogenic carbon (C ant-TrOCA µmol kg −1 ) content at 500 m and 1000 m depth; (b-d) V1, V3, and V5, sampled in the FORSA cruise (the white part at 1000 m correspond to non-sampled depths outside of these eddies); (e-g) VA42, VA63, and VA91, sampled in the A10_2011 cruise; (h-j) VA04, VA55, and VA71, sampled in the A10_2003 cruise; (k-n) VT62 (TAII_01 section), VT85 (TAII_02 section), VT87 (TAII_02 section), and VT93 (TAII_02 section), sampled in the TAII cruise.
The radius and age of each studied eddy, with consideration of (i) the sampled day and (ii) the life history, are included in Table 1 , which indicates that the eddies were sampled at different stages of their lives. We did not observe a relation between the C ant content according to their respective age, radius in the sampled day, or the sampled basin (Eastern/Western). However, we observed certain relatively old eddies (VA04, VA91, and VT93) near the Brazilian coast, which are, therefore, prone to merge with the Brazilian Current and impact the coastal/shelf ecosystems [65] .
Discussion
Polynomial Models for Carbonate System Parameters
The polynomial models introduced in this study were able to correctly represent C T and A T with GOA-ON climate precision (i.e., estimated within an uncertainty of approximately 2 µmol kg −1 in measurements of C T and A T ) [57] , because the achieved RMSE values were smaller than 1.66 µmol kg −1 for C T and 2.19 µmol kg −1 for A T (Figures 3 and 4) . Additionally, the results obtained using the polynomial models developed in this work presented a smaller RMSE than those observed for previous model studies e.g., [66] . For A T , for example, the polynomial models introduced here presented a RMSE that was reduced by a factor of 2 compared to the RMSE reported by Carter et al. [66] when using only θ and S: 2.19 and 1.45 µmol kg −1 (this study-2003 and 2011, respectively) versus 4.4 µmol kg −1 [66] . The same result was observed when we compared our results with those of Goyet et al. [50] for both A T and C T . These differences could be related to the fact that these authors [50, 66] were considering global oceans (i.e., larger scales) in their studies. The C T RMSE determined in this study are in good agreement with the results reported by Goyet & Davis [58] , who presented an uncertainty of 2 µmol kg −1 versus 1.66 and 1.39 µmol kg −1 (2003 and 2011, respectively) in their work.
In addition, the uncertainties observed in the models developed in this study are similar to the reported precision of direct carbonate parameter measurements e.g., [35, 59] and have the same order of magnitude indicated in the guide of best practices for CO 2 measurements [44] using the recommended equipment and analysis. Furthermore, the GOA-ON reinforces the importance of the construction of biogeochemical databases with climate precision as good as what we have achieved [57] . Thus, these polynomial models are considered robust for C T and A T reconstruction in the South Atlantic basin and can contribute to filling the spatiotemporal gaps and allow reconstruction of marine carbonate system parameters with small uncertainties in the South Atlantic Ocean e.g., [67] .
Anthropogenic Carbon Content in the South Atlantic Ocean
Comparing our C ant estimates with the recent study of Gruber et al. [7] , we note that our results were relatively higher than theirs. One main explanation for this difference is related to the C ant methods. This type of difference is normally expected. These differences could also be related to the fact that the previous studies researched the C ant uptake of an early period between 1994 and 2007 (13 years), whereas we investigated the uptake between 2003 and 2011 (8 years) and from 2003 to 2015 (12 years). Additionally, we performed another type of investigation, which was our main focus, i.e., a C ant estimate for the entire industrial period. For the subtropical South Atlantic Ocean, Gruber et al. [7] found a range from 14 to 16 µmol kg −1 corresponding to the central layer (neutral density of 26.60 kg m −3 ,~400 m; subtropical mode waters layer), whereas we found values ranging from 18 to 35 µmol kg −1 (30 to 40 µmol kg −1 ) for the period of 2003 to 2011 in the TAII_01 longitudinal section (2011 and 2015 in the FORSA Southeast-Northwest section) at the same layer. As expected, the central layer corresponding to the Southeast-Northwest section is more significantly affected by the C ant . Previous studies [4, 5] have reported that the central waters of the Western South Atlantic Ocean are more significantly affected by the C ant penetration than the waters corresponding to the layers above and below, which is reflected in the faster acidification rate of the SACW [4, 5] .
Looking at the intermediate layer (neutral density of 27.40 kg m −3 ,~1000 m; AAAIW layer in the South Atlantic Ocean), the same authors found a range that varies from 5 to 8 µmol kg −1 , whereas we found values ranging from 15 to 22 µmol kg −1 (13 to 18 µmol kg −1 ) for the period of 2003 to 2011 in the TAII_01 longitudinal section (2011 to 2015 in the FORSA Southeast-Northwest section) at the same layer. The slightly higher values of the TAII_01 longitudinal section can be justified by the fact that this sampling was performed along 35 • S, which is closer to the Antarctic Intermediate Water formation region.
Comparing our study with previous work that used the same methodology in the South Atlantic Ocean [4, 5] , the findings related to the C ant content in the water column since the industrial revolution are in agreement. For the both SACW and AAIW, the results observed in this work are inside the range observed for the shelf-break region of the Brazilian coast [4] as well as for the Argentine Patagonian zone [5] .
Additionally, we aimed to compare the C ant content estimated by the TrOCA method between cruise years (∆C ant-TrOCA 2011 (∆C ant-TrOCA -2003 ) and a simple C T difference between cruise years (∆C T 2011-2003 ) at different cruise sections. Thus, we compared the results for the FORSA Southeast-Northwest section (Figure 7a,b ) and for the TAII_01 longitudinal section (Figure 7c,d; i.e., one comparison between Figure 7a ,b and another between Figure 7c,d) . With respect to method comparison, we found that the difference is small, indicating that the TrOCA method could reliably identify the C ant content. The C ant amount found in this peak, approximately 800 m (observed in plots c and d), was observed near the South Brazilian coast, a region that was sampled only in the TAII cruise and not in the FORSA cruise. As indicated by other studies e.g., [4, 5] , the central layer of this region is more significantly affected by C ant penetration than the layers below and above. Thus, we believe that this difference is reasonable.
Role Played by the Agulhas Eddies in Anthropogenic Carbon Transport in the South Atlantic Ocean
Considering that the Agulhas eddies can intensify the CO 2 uptake at the sea surface compared to the surrounding waters [34] , more C ant can penetrate into the water column through the mode water formation processes. Because SACW is composed of several varieties of South Atlantic mode waters [20, 33] and receive a considerable input of Indian mode waters [20] , the propagation of the Agulhas eddies within the South Atlantic Ocean could be one of the key processes responsible for the rapid acidification levels reported for the central waters of this basin [3] [4] [5] . This hypothesis is proven by the greater amounts of C ant found inside the eddies than in their surrounding waters (Figures 8  and 9 ). On average, the C ant content is 18% (29%) higher in the waters inside the eddy at 500 m (1000 m) than outside at the same depth (Figure 9 ).
It is important to reiterate that each eddy has its own physical characteristics, leading to different intensities on their physical forces. The larger the eddy diameter is after its formation, the greater its expected lifetime. As shown in Table 1 , the VA04 eddy is the largest structure used in this study, with a radius of approximately 130 km on its sampling day and a mean radius during its lifetime of approximately 111 km. These physical spatial differences mean that specific eddies have particularities and make only one third of them capable of reaching the Western boundary of the South Atlantic Ocean [68, 69] . Reinforcing the most important landmarks for the eddy lifetimes, one portion of the Agulhas eddies can die while crossing the Walvis Ridge, while another portion can die while crossing the Mid-Atlantic Ridge. Additionally, these eddies can suffer splitting and merging processes during their trajectories, as we observed for i) V5 in our previous study [34] , in which we identified and interaction between V4 and V5 and V5 and V6, and for ii) VA91, which was formed during the splitting of a 925 days old eddy (Table 1 ). These interactions between eddies are more common when considering the Agulhas evolved eddies (V5 and VA91, for example), which are structures observed on the Western basin of the South Atlantic Ocean after crossing the Mid-Atlantic Ridge [34] .
Thus, the Agulhas eddies (i) intensify the CO 2 uptake at the sea surface, as shown by Orselli et al. [34] ; (ii) can strengthen the formation processes of the mode waters by increasing the heat flux [18, 33] ; (iii) contain more C ant than their surrounding waters, as suggested by Woosley et al. [70] and also observed in this study; and (iv) can also carry water masses sourced in the Indian Ocean e.g., [28] . These facts indicate that these mesoscale structures could be one of the key processes influencing the South Atlantic Ocean acidification state through transport of both natural and anthropogenic CO 2 . It is interesting to note that a recent study by Gruber et al. [7] showed that the waters of the subtropical gyre of the South Atlantic Ocean are facing an anomalous increase in the C ant inventory. These observations correspond to the water column content integrated from the surface to 3000 m depth, which is the region under the influence of the Agulhas eddies.
Moreover, in more recent studies, Laxenaire et al. [68] and Guerra et al. [69] observed the physical interaction between some Agulhas eddies and the Brazil Current. Guerra et al. [69] found that over 23 years, one third of the identified Agulhas eddies released in the retroflection zone reached the Western boundary of the South Atlantic Ocean, with an impact on sea surface temperature (SST), sea surface salinity (SSS), and heat content in the South and Southeast Brazilian coast e.g., [71] . These changes in the SST of the Western boundary led to modifications in the precipitation regime, fluvial discharges, and hydrological cycle, thus affecting the Brazilian coast [1, 72, 73] . Castellanos et al. [74] verified that an increase in the Agulhas leakage influences the precipitation regime and latent heat flux on the Brazilian coast. Additionally, these eddies can cause intensification of the subtropical gyre [3, 74] and can also modify the way in which the El Nino Southern Oscillation impacts the entire South America due to atmospheric teleconnections [1, 72, 73] .
Changes in marine life and biogeochemical cycles are also expected [1] . In the first study of the ocean acidification state in the Brazilian margins, Carvalho-Borges et al. [4] observed an acidification rate of −0.0017 yr −1 in the SACW. These authors found that the central and intermediate layers of the Brazilian coastal region are experiencing an acidification rate of the same magnitude as that of the Argentinean Patagonia (−0.0018 yr −1 ), which is the other coastal region influenced by southward transport along the Southeast South Atlantic Ocean [5] . However, Carvalho-Borges et al. [4] reinforced that this −0.0017 yr −1 value could be underestimated, indicating that the SACW presented in the southwest Atlantic Ocean could be suffering even greater acidification changes than those reported in the central gyre of the South Atlantic Ocean. Previously, Woosley et al. [70] suggested that the Agulhas eddies can carry up to 20% more C ant than the surrounding waters, which is reinforced by this study (≥23%). Some variations of the observed inside-outside differences could be related to the position of the eddy sampling because certain structures were sampled in their centers, and others were sampled closer to their borders.
Previous studies report that the Western basin of the South Atlantic Ocean could be acidified faster than its Eastern basin due to the stronger ventilation processes e.g., [35] , or cross-shelf carbon transport e.g., [4] . We demonstrate in this work that the Agulhas eddies often play a key role in the acidification state of the central waters of the South Atlantic Ocean through the transport of 23% more C ant than their surrounding waters. This excess of CO 2 reaching the Brazilian coast can also have an influence on sensitive marine ecosystems (e.g., coral reefs, rhodolith beds, and continental shelf areas) along the Western South Atlantic Ocean region, which have ecological and economical importance and are considered nonrenewable resources [1, 4, 65] .
Summary and Conclusions
This research focused on the influence of Agulhas eddies on C ant transport through the South Atlantic Ocean and their impact on ocean acidification. We used in situ data from three zonal and two Southeast-Northwest transects obtained during three cruises conducted in the spring of 2003 and 2011 and one in the winter of 2015. During these surveys, 13 Agulhas eddies were sampled with CTD stations. We modeled the carbonate parameters in locations where they were not directly measured in the cruises using the polynomial models introduced in this work, which were considered robust in C T and A T reconstruction. Additionally, we estimated the C ant content in the water column. The Agulhas eddies have a stronger uptake ability than their surrounding waters, thus increasing the atmospheric CO 2 sink [34] . A typical Agulhas eddy can take up −2.12 kg CO 2 d −1 , leading to a −2.08 t CO 2 lifetime −1 [34] . In this study, we also showed that the Agulhas eddies contain up to 29% more C ant than their surrounding waters, which could be influenced by the mode water formation processes.
Because mode waters compose the SACW e.g., [20, 32] , which currently acidifies faster than the surface and intermediate layers of the South Atlantic Ocean [3] [4] [5] [6] , we concluded that the Agulhas eddies can act as a trigger for the acidification state of the central water layer of the South Atlantic Ocean via the uptake and consequent transport of large amounts of C ant . Furthermore, recent evidence, such as the interaction between the Agulhas eddies and the Brazil Current [68, 69] , the contribution of Indian Ocean mode waters observed in the South Atlantic Ocean [20] , and the increasing Agulhas leakage [29] , highlights the need for additional investigation of the impact of eddies on South Atlantic Ocean acidification. In this study, we focus on the importance of Agulhas eddy dynamics in South Atlantic Ocean biogeochemistry, which is an interesting and novel research topic still under development.
Future studies should focus on other ocean processes and quantification of the Agulhas eddies' impacts on SACW acidification, because the SACW is experiencing intense acidification changes that could have severe impacts on Brazilian coastal ecosystems. These studies should also investigate the global importance of Agulhas eddies in biogeochemistry, because they play an important role in the subtropical gyre of the South Atlantic Ocean and Atlantic meridional overturning circulation [21, 71] . Thus, a natural outcome of the results presented in this work is to implement high-resolution process-oriented numerical modeling experiments, including downscaling, which are lacking in current investigations [1, 75] . Additionally, we suggest model studies focusing on the impacts of climate change on Agulhas leakage and eddy release, because these phenomena are associated with wind system modifications [29] . Future studies should also focus on its consequences of Agulhas leakage and eddy release on marine organisms and ecosystems.
